Individuals of species inhabiting temperate and boreal latitudes optimize the timing of energetically costly processes by curtailing nonessential energetically demanding processes when environmental conditions are not favourable. One proximate environmental variable used to ®ne-tune moment-to-moment changes in reproductive physiology and behaviour is food intake. The neuroendocrine mechanisms by which food restriction leads to the cessation of reproduction in seasonally breeding rodent species remain largely unspeci®ed. The present study sought to determine the effects of extended food restriction on the gonadotropin releasing hormone (GnRH) neuronal system. Male prairie voles (Microtus ochrogaster) were either fed ad libitum or were exposed to either 1, 2 or 3 weeks of moderate (70% of daily mean) food restriction. In accordance with previous studies of food restriction, gross reproductive organ masses and body mass were unaffected by food deprivation. Although 1 week of food restriction did not result in alterations in the GnRH neuronal system, food restriction for 2 weeks was associated with increased GnRH-immunoreactive (GnRH-ir) neurone soma size. Three weeks of food restriction resulted in a pronounced increase in GnRH-ir neurone numbers, as well as an increase in ®bre intensity in the main ®bre pathway to the median eminence. Taken together, these ®ndings suggest that extended food restriction leads to modi®cations in the GnRH neuronal system, providing a means for temporary cessation of reproduction without gross alterations in reproductive physiology. This transient change in the hypothalmo-pituitary-gonadal axis, without pronounced changes in reproductive organ morphology, likely provides a mechanism for the rapid reinitiation of breeding in nature when local conditions provide adequate food availability.
Reproduction is an energy-demanding process. Consequently, animals have evolved to phase breeding with times of optimal food availability (1) . In environments where food is plentiful throughout the year, animals can breed more or less continuously. However, in temperate and boreal (and some tropical) environments, where food is abundant only during restricted times of the year, animals use proximate factors to phase breeding and other energetically costly activities with times during which maximal food availability is anticipated (1, 2) . Food availability, in addition to acting as an ultimate factor with which reproduction is synchronized, can also act as a proximate factor (in combination with other environmental variables) capable of directly and rapidly driving changes in the reproductive axis (1, 3, 4) .
Most of the information on the direct effects of food restriction on reproductive function comes from laboratory strains of rats (Rattus norvegicus), mice (Mus musculus) and hamsters (Mesocricetus auratus) (3±12). In general, steroidogenesis is negatively affected more often by food restriction than is gametogenesis. Food restriction only affects gametogenesis in adult animals if the restriction is dramatic and prolonged. Presumably, these alterations in the hypothalamic-pituitary-gonadal (HPG) axis without concomitant alterations in gross reproductive morphology, allow for animals in their natural environments to rapidly reinitiate breeding when food once again becomes available (4) . This opportunistic strategy allows animals to maximize individual reproductive ®tness in unpredictable environments.
This ability to renew reproductive function rapidly after food restriction has been studied extensively in laboratory strains of rats and mice. In male rats, food restriction rapidly (hours to days) leads to depressed luteinizing hormone (LH) pulse frequency with lesser effects on follicle-stimulating hormone concentrations (13) . Food-restricted male rats do not have lower pituitary LH content or reduced pituitary sensitivity to a gonadotropin releasing hormone (GnRH) challenge compared to ad libitum-fed animals, suggesting that food restriction affects the reproductive axis upstream from the pituitary (14) . Similar results are seen with food restriction in female rodents; food deprivation leads to a rapid decrease in pulsatile LH secretion and results in an anovulatory state (11, 12) . Reinstating food to an ad libitum regimen leads to a rapid (on the order of hours) restoration of pulsatile LH release in males and females (13, 15) . Similar effects can be obtained in female rodents using 2-deoxy-D-glucose, a drug that inhibits glucose uptake and lowers blood glucose levels, suggesting that the effects of food restriction on LH are primarily the result of glucoprivation (12, 16) . Hormonal signals of current adiposity such as leptin are unlikely to regulate reproductive function (at least in females); plasma leptin concentrations do not always re¯ect current body fat, nor is food intake necessarily regulated by leptin concentrations (17) .
As suggested above, the effects of food restriction are likely acting at the level of the hypothalamus on the GnRH system, or on afferents to the GnRH system. Exogenous GnRH restores pituitary secretion of LH (14, 18, 19) , indicating that pituitary function is normal in food restricted animals, while upstream signals (e.g. GnRH) to the pituitary may be reduced in amplitude or frequency. Likewise, factors that decrease metabolic fuel and disrupt ovulatory cycles in female hamsters suppress Fos expression in forebrain GnRH neurones, further suggesting a decrease in GnRH neuronal activity (20) . Finally, in sheep, food deprivation leads to reduced GnRH pulses presumably leading to reductions in pulsatile LH release (21) . Taken together, these ®ndings suggest that food deprivation likely acts on the GnRH system to affect reproductive function.
The goal of the present study was to extend the knowledge gained from laboratory studies on food restriction to an ecologically relevant rodent model of seasonal breeding. It is commonly reported that day length (number of hours of light per day) is the principle proximate factor regulating seasonal alterations in reproductive function (1, 22, 23) , and a majority of studies of seasonality have focused on this proximate variable. Although photoperiod alone can mimic the seasonal collapse and regrowth of the reproductive system in the laboratory, for several rodent species studied to date, both ®eld and laboratory studies suggest that other factors (including food availability) can interact with or override photoperiodic information in order to time breeding precisely (23±25).
Populations of prairie voles (Microtus ochrogaster) exhibit enormous variability in the annual cycle of breeding (25) , suggesting that prairie voles use factors in addition to photoperiodic information to time breeding activities precisely with optimal local conditions. Because photoperiodic information does not vary from year to year, variability in the breeding season must be a function of animals evaluating other, less stable environmental variables. The inhibition of reproduction by extended exposure to short day lengths in prairie voles is associated with increased numbers of GnRH neurones, as well as increased ®bre staining in the median eminence, suggesting an inhibition of GnRH release (26) . Low temperatures alone also lead to increased GnRH neurone numbers in male prairie voles (27) , whereas a combination of both short day lengths and low temperatures results in a reduction in GnRH synthesis, concomitant with a reduction in GnRH release (28) .
Because food quantity, similar to photoperiod and temperature, appears to act on the GnRH system to regulate reproduction, and may act as a proximate factor to further modify the timing of reproduction in natural populations of rodents, the present study was undertaken to determine the effects of food restriction on reproductive physiology and the GnRH neuronal system in male prairie voles. As shown in previous studies, reproductive function is transiently inhibited by short-term food restriction (less than 4 weeks) due to inhibition of HPG axis activity without gross changes in reproductive organ morphology. Thus, although we did not anticipate gross alterations in reproductive organ masses, we expected food restriction to act on the same neural substrate as other well-studied proximate variables, suggesting a neural locus whereby environmental information is integrated to modulate the precise timing of reproduction
Materials and methods

Animals
Twenty (>60 days of age) male prairie voles (Microtus ochrogaster) were used in the present study. Animals were individually housed in polypropylene cages (27.8r7.5r13.0 cm) in a colony room with a 24-h, 16 : 8 light : dark cycle (lights on 06.00 h Eastern Standard Time) for the duration of the study. Temperature was kept constant at 20t1uC and relative humidity maintained at 50t5%. Food (Agway Prolab 1000, Syracuse, NY, USA) and tap water were provided ad libitum throughout the experiment with the exclusion of food-restricted animals.
Food restriction
Food consumption was monitored by weighing the food from each cage, daily, 2 weeks prior to the onset of the experiment in order to establish mean daily food intake. At the start of the experiment, 15 animals were restricted to 70% of their individual, mean daily food consumption. The remaining ®ve animals were fed ad libitum for the duration of the experiment. Animals that were food-restricted were killed after either 1, 2 or 3 weeks of limited food availability (n=5 per group). Animals were deeply anaesthetized with sodium pentobarbital and perfused transcardially with 50 ml of 0.9% saline followed by 4% paraformaldehyde in PBS (1 M, pH=7.4). Brains were subsequently removed and placed into 4% paraformaldehyde for a 2-h post®xation. Following post®xation, brains were cryoprotected in a 25% sucrose solution in PBS. Brains were stored at x70uC until processed for immunohistochemistry.
Immunohistochemical procedures
Immunohistochemistry was performed in two iterations (i.e. runs). In order to control for interassay variability, brains from each experimental group were processed in parallel to ensure that any slight variation in each run of immunohistochemistry would affect each group similarly. Brains were sectioned in the coronal plane at 40 mm using a cryostat, and alternate (i.e. every other) sections were processed. Sections were processed and evaluated from the beginning of the septum to the caudal aspect of the median eminence. Prairie voles brains contain a small population of GnRH neurones in the olfactory bulbs that were not evaluated, but are unlikely to contribute to hypophyseal regulation. Immunohistochemistry was performed as previously described (26) using a rabbit antimammalian GnRH antibody (LR-1, gift of R. Benoit, McGill University, Montreal, Canada), diluted 1 : 60 000. All steps of the immunohistochemical procedure were precisely timed based upon optimized staining procedures (resulting in minimal background staining with optimal signal detection) from previous studies of prairie voles in our laboratory (26, 27) .
Cell counts, size and median eminence optical density measures Slides were examined under bright ®eld illumination on a Nikon Optiphot microscope. The distribution of GnRH-immunoreactive (GnRH-ir) cells was evaluated using a mouse brain atlas (29) . Each neurone was assessed for cytoarchitectonic location and two-dimensional cell area. Cells were counted in the medial and lateral septum (MS and LS, respectively), diagonal band of Broca (DBB), preoptic area (lateral and medial; POA), and the anterior hypothalamus (AH). For purposes of analysis some areas were combined (i.e. MS/DBB, POA/AH). Cells were counted by observers who were unaware of the experimental conditions to which the animals were exposed. Soma size measurements were taken at r40 from the two sections with the highest cell counts for each brain region. Cells were measured by sending microscopic ®elds of view onto a power MacIntosh 7600 computer using a Sanyo CCD video camera (Model #VCC-3972) connected to a Nikon Optiphot microscope. Cell bodies were outlined using the free-hand drawing tool and the twodimensional area was calculated using NIH Image 1.61 (http://rsb.info.nih. gov/nih-image). Cell bodies were outlined around processes by drawing a line a relatively straight line through the area comprising the process to connect the two halves of the soma. If the whole perimeter of the cell was not clearly visible, then it was not measured. This criterion excluded cells that could not be focused in one plane, or cells that were not intact.
The optical density of GnRH staining in the median eminence was measured in the region of the main tract of ®bre input, rather than in the region of axon terminals (28) , because high staining density where axons converge results in inaccurate optical density measures (Fig. 1) . Each pixel in the grayscale image capture has a measurable speci®c intensity. Each pixel has a value ranging from 0 (white) to 256 (black). The average value for all pixels in an outlined area is taken as the mean intensity of staining for a given region of the image. 
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Optical density measures were normalized to minimize differences between replications of immunohistochemistry. First, a background measurement was taken by placing a square outline, eight times, on nonoverlapping, unstained areas of each section. The mean of these eight measures provided the background optical density for each section. This procedure was repeated on the same section for eight nonoverlapping, stained regions of the section. The mean for these eight measures served as the mean density measure for a particular section. All mean background optical density measures were subtracted from the mean value for each section. For statistical purposes, one measure was calculated for each animal by taking the mean for all sections measured.
Statistical analysis
Cell body size and optical density measures were averaged separately for each brain region, so that a single value could be analysed for each animal for each brain region evaluated. All data were analysed using a between groups one-way ANOVA. All pairwise comparisons were conducted using the Tukey±HSD test and planned comparisons were used where appropriate. Pf0.05 was considered statistically signi®cant.
Results
Food restriction resulted in prairie voles catabolizing (or reducing fat synthesis) white adipose tissue; epididymal white adipose tissue mass was signi®cantly reduced in animals after 3 weeks of food restriction compared to all other groups (P<0.05 in each case; Fig. 2 ). Animals that were food restricted did not appear to catabolize protein or muscle mass; total body mass was unaffected by food restriction (P>0.05 in each case; Fig. 3 ). Reproductive organ masses were not affected by food restriction (P>0.05 in each case; Fig. 3 ). The total number of GnRH neurones counted from the medial septum to the anterior hypothalamus was elevated after the 3 weeks of food restriction compared to all other groups (P<0.05 in each case; Figs 4 and 5). This increase in total GnRH neuronal numbers appears to be due to an increase in the POA/AH population; there were no differences between groups in the MS/DBB (P>0.05 in each case; Fig. 5 ), while voles that were food restricted for 3 weeks exhibited an increase in GnRH neurones in the POA/AH compared to all other groups (P<0.05 in each case; Fig. 5 ). Because cell-size varied as a function of treatment, the Abercrombie correction was applied to all cell count data. For this correction, section thickness (t) was 40 mm and mean`height' (H) of the counted object was 9.44 mm. This re-analysis resulted in statistically equivalent results in all cases. Cell count data are presented as corrected counts in Fig. 5 . Cell size was also affected by food restriction. In the MS/DBB, POA, and AH, cell size was increased after 2 weeks of food restriction compared to all other groups (P<0.05 in each case; Fig. 6 ). In the POA, cell size was also increased after 3 weeks compared to control animals and animals that were food restricted for 1 week (P<0.05 in each case; Fig. 6 ). Fibre density in the main ®bre tract to the median eminence was increased after 3 weeks of food restriction compared to all other groups, excluding animals that were food restricted for 1 week (P<0.05 in each case; Fig. 7 ).
Discussion
Species inhabiting temperate and boreal latitudes use a variety of environmental cues to phase breeding with optimal environmental conditions in order to maximize individual reproductive success. The critical environmental variable necessary for survival is an adequate food supply. Thus, animals use predictive environmental cues in an attempt to phase adaptations that require a long period of time to develop with times of maximal food availability (23) . However, animals must also cope with transient and unpredictable changes in food availability. In these circumstances, the optimal coping strategy during times of reduced food availability would be a rapid cessation of breeding associated FIG. 4 . Low-(A,B) and high-power (C,D) photomicrographs at the level of the organum vasculosum of the lamina terminalis (OVLT) depicting the greater number of GnRH-immunoreactive cell bodies visualized in the brains of male prairie that were food-restricted for 3 weeks (B,D) relative to animals that were fed ad libitum (A,C). The arrow in the low-power micrographs points to the neurone at which the arrow points in the respective high-power micrographs.
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The goal of the present study was to investigate the mechanism(s) by which food deprivation affects the reproductive (i.e. HPG) axis using an ecologically valid rodent model. In the present study, prolonged food deprivation led to increased GnRH-ir cell numbers, an increase in GnRH-ir cell size and increased GnRH-ir ®bre staining intensity in the main ®bre tract to the median eminence. These ®ndings suggest that food deprivation, similar to other inhibitory proximate environmental factors, results in reproductive inhibition by inhibiting the release of GnRH in prairie voles (27) . In addition, these ®ndings suggest that proximate environmental variables are integrated at the level of the GnRH system to modulate the precise timing of breeding. Reproductive organ masses and body mass were unaffected by food deprivation, suggesting that pronounced alterations in GnRH expression can occur in the absence of prominent changes in gross reproductive physiology. Similarly, this lack of pronounced alterations in reproductive physiology suggests that prairie voles, as other rodent species, likely maintain the ability to rapidly reinitiate breeding when food becomes available. Thus, during mild winters in the ®eld, animals presumably monitor alterations in food availability to use an opportunistic breeding strategy and rapidly initiate breeding activities when food becomes available (1). In deer mice (Peromyscus maniculatus), at least 4 weeks of moderate (i.e. 30% reduction) food restriction are necessary to evoke a decline in testis size (30) . After 8 weeks of food restriction, deer mice have reduced sperm numbers and decreased activity levels, without a decline in body mass, suggesting that cessation of reproductive function allows deer mice to maintain a positive energy balance during periods of low food availability (30) . Importantly, foodrestricted deer mice do not exhibit reductions in any other organ masses measured, suggesting that food availability affects reproductive function speci®cally (30) . Although reproductive capacity was not measured in the present study, results from previous studies along with the present results suggest that food restriction selectively affects the reproductive axis due to modi®cations at the level of the GnRH neuronal system.
The immunohistochemistry results observed after food restriction suggest several possibilities. First, increased GnRH-ir neurone numbers after 3 weeks of food deprivation implies that either GnRH production is increased or release of the peptide is inhibited (or a combination of both processes). Presumably, animals in nature inhibit all nonessential processes during winter, or other periods of low food availability, so that the combined energetic savings will allow energy to be distributed to essential functions (e.g. thermoregulation, cellular maintenance) (1). This logic suggests that increased cell numbers after 3 weeks of food restriction re¯ect a decrease in peptide release, rather than an increase in GnRH synthesis. Additionally, the observation that ®bre density is increased in the main ®bre tract to the median eminence lends further support for this contention.
Decreased secretion of proteins/peptides is associated with increased cell size, optical density, and a greater number of neurones visualized with immunohistochemistry (31) . In the present study, cell size was increased in all brain areas investigated after 2 weeks of food restriction. This increase in cell size was no longer seen at three weeks of food restriction, except in the POA (but to a smaller degree than after 2 weeks of restriction). Alterations in GnRH cell size after food restriction can represent several possibilities. First, after 2 weeks of food restriction, GnRH production may continue while GnRH release is inhibited. After 3 weeks of food restriction, when fat stores are no longer available and energy is more limited, voles may exhibit a reduction in GnRH synthesis concomitant with an inhibition of peptide release, leading to a reduction in cell size relative to 2-week-restricted animals. Second, increased cell size after 2 weeks of food restriction may represent reduced GnRH production, in combination with an inhibition of release, with GnRH synthesis being further reduced after 3 weeks of food restriction. Future studies using in situ hyrbidization in combination with immunohistochemistry are necessary to explore these possibilities.
Taken together, the results of the present study, along with those of previous studies, suggest that the ®nal common pathway regulating alterations in reproductive physiology resulting from exposure to inhibitory proximate factors is the GnRH neuronal system. These data imply that environmental information is processed and integrated at the level of the hypothalamus to regulate the timing and degree of reproductive inhibition and other adaptations. Future studies are necessary to clarify the biosynthetic level at which GnRH is affected by food deprivation as well as by a combination of proximate variables.
